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INTRODUCTION

Cardiovascular magnetic resonance (CMR) has
evolved into a new technique for the non-invasive detec-
tion of obstructive coronary artery disease. The ability of
CMR to visualize global and regional wall motion and
systolic thickening of the left ventricle with high spatial
and temporal resolution enables the detection of wall mo-
tion abnormalities. In addition, perfusion defects and re-
duced coronary flow reserve can be assessed. With mag-
netic resonance spectroscopy it is possible to detect
metabolic alterations. However, except for high-grade
coronary artery stenosis, abnormalities can generally be
identified only under stress conditions, which can be in-
duced by physical exercise or standardized stress proto-
cols with pharmacological agents such as dobutamine/
atropine, dipyridamole, or adenosine infusion (Tab. 1).
Exercise causes motion artifacts in standard encephalo-
cardiogram (ECQG)-triggered magnetic resonance images,
but can this be overcome with real-time image acquisi-
tion. Given that real-time acquisition is not yet available
on all commercial scanners, exercise is less well-suited
than pharmacological stress for magnetic resonance.
Pharmacological agents have been shown to be safe and
well tolerated, and they reproducibly induce myocardial
ischemia (1,2). To date, the most reliable clinical data
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exists on the analysis of left ventricular wall motion and
thickening under pharmacological stress conditions. The
goal of this overview is to present the results of recent
studies and to establish recommendations for cardiolo-
gists, radiologists, and technologists for the performance
of CMR stress testing.

Assessment of Wall Motion

For the assessment of wall motion, cine-loops of
the heart are acquired with gradient-echo or segmented
k-space turbo-gradient-echo sequences. More rapid im-
age acquisition is possible by the use of echo planar im-
aging, which allows either reduced scan time or improved
temporal resolution. Gradient-echo images provide high
natural contrast between flowing blood and the myocar-
dium, as well as the myocardium and surrounding struc-
tures such as lung parenchyma and thus allow a reliable
delineation of the endo- and epicardial border. The heart
can either be visualized with contiguous short axis slices
or with a combination of several short (typically three to
five) and long (typically horizontal and vertical) axis
views (Fig. 1). A further reduction of acquisition time is
possible with interactive or real-time CMR imaging (3,4),
which has been shown to achieve similar or superior im-
age quality when compared with echocardiography (4). It

Table 1

Stress Protocols

Stress Test Patient Instructions

Protocol Antidote

Dobutamine for the assess-
ment of viability

5, 10 pg/kg BW per min for
>3 min

Dobutamine/atropine for the
detection of coronary ar-
tery disease (wall motion)

Dipyridamole (perfusion)

Adenosine (perfusion)

No B-blockers and nitrates
24 h prior to the exami-
nation

No caffeine (tea, coffee, choc-
olate, etc.) or medications
such as aminophylline or
nitrates 24 h prior to the ex-
amination

Same as for dipyridamole

(5), 10, 20, 30, 40 pg/kg BW
per min for 3 min each, up
to 1 mg atropine (4 X 0.25
mg) until submaximal heart
rate [(220 — age) X 0.85]
is reached. (half-life 2 min)

0.56 mg/kg BW per min for
4 min, maximal effect after
approximately 3—4 min.
(half-life 30 min)

140 pug/kg BW per min for
6 min. (half-life 4-10 s)

B-blocker (esmolol) 0.5 mg/
kg as slowly injected bo-
lus, additional bolus of
0.2 mg/kg as needed sub-
lingual nitroglycerine

Aminophylline 250 mg i.v.
slowly injected with ECG
monitoring sublingual nitro-
glycerine

Stop infusion (in occasional
cases aminophylline 250
mg i.v. slowly injected
with ECG monitoring)

BW = body weight.
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Figure 1. Segmented k-space spoiled gradient echo images at end-diastole acquired during breath holding of 16 heart beats (TE/
TR/flip-angle: 2.1 ms/5.9 ms/25°, spatial resolution 1.3 X 1.3 mm, slice thickness 8 mm, temporal resolution 40 ms). One out of

18 cardiac phases is displayed. The left column shows short axis views at the apex (top), equator (middle), and base (bottom); the
right column shows a horizontal (top) and a vertical (bottom) long axis view. No contrast agent was used.
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also permits an accurate determination of left ventricular
ejection fraction (5,6). Real-time imaging may also allow
the application of physical, rather than pharmacological,
stress because these images are less sensitive to motion
artifacts when compared with turbo-gradient-echo im-
ages.

Assessment of Myocardial Perfusion and
Contrast Agent Kinetics

Perfusion CMR is mainly performed by a rapid series
of images during the first pass of a contrast bolus injec-
tion. With state-of-the-art scanners, several slices (typi-
cally three to five) are imaged every heart beat using
turbo gradient-echo, echo-planar, or a combination of
turbo-gradient-echo and echo planar imaging (hybrid se-
quence) (7,8). A prepulse (inversion or saturation) is used
to suppress the signal of the myocardium before injection
of a Gd-DPTA bolus. The contrast agent passes through
the right and left ventricular cavity and then into the myo-
cardium, causing an increase in signal intensity (9) (Figs.
2 and 3).

METHODS

Even though rapid progress has been made and more
information about the following topics is available, no
broad consensus about the value of these techniques in
clinical practice has been reached to date.

Quantitative Regional Wall Motion

A quantitative analysis of wall motion and systolic
thickening is possible and has shown good results in
small studies (10,11). Further improvements of diagnos-
tic accuracy and reproducibility may be achieved with
online or rapid offline analysis or myocardial tagging
(12), which allows quantification of regional three-di-
mensional myocardial motion.

Assessment of Myocardial Perfusion from
T1 and T2 Changes without Contrast
Agents

From the signal loss after the injection of a T2-short-
ening agent (13) or the differences of oxygenated and
nonoxygenated blood without the use of contrast agents,
myocardial perfusion can be assessed (14—16). Advan-
tages of these techniques are the possibility of quantifi-
cation and the lack of contrast agents.
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Assessment of Viability from Contrast
Enhancement

The distribution kinetics of contrast agents have been
used to detect myocardial infarction and to define viable
myocardium (17,18). In some patients, after myocardial
infarction a hypoenhanced zone in the core of a region
with hyperenhancement has been found in the equilib-
rium phase (1-2 min after injection) (19). This hypo-
enhanced core has been explained by the occlusion of
capillaries with dying blood cells and debris (= micro-
vascular obstruction or nonreflow region) and was a
strong predictor for cardiac morbidity and mortality after
myocardial infarction (19). In the experimental animal,
enhancement patterns correlate well with reversible and
irreversible myocardial ischemia (20). In another study,
different patterns of contrast agent kinetics after myocar-
dial infarction have been assigned to different pathophys-
iological situations, such as irreversible myocardial de-
fect, predominantly viable myocardium, and a mixture of
viable and necrotic myocardium (21). The amount of data
seems as yet insufficient for broad clinical use and the
underlying mechanisms for these observations have not
been fully understood so far. Since this manuscript deals
with the application of stress during cardiac MR exami-
nations, the assessment of viability from perfusion stud-
ies will not be elaborated any further.

Assessment of Flow

Up to now, the assessment of coronary artery flow has
only been performed by a limited number of centers (22—
24). Segmented k-space turbo-gradient-echo sequences
or echo-planar imaging are used during breath holding
or free breathing in combination with navigator gating to
suppress breathing motion artifacts (25,26). The velocity
of the flowing blood can be determined from the velocity
encoded (phase contrast) images. Peak flow and volume
flow can be calculated and a flow reserve can be deter-
mined from measurements before and after dipyridamole
or adenosine.

It has also been shown that the peak flow acceleration
in the aorta is a marker of ischemia in patients with coro-
nary artery disease (27); the change in peak flow acceler-
ation from baseline to stress has been shown to correlate
to the extent of ischemic burden. Further studies are re-
quired to determine the clinical utility of this technique,
which to date has only been reported from one center.

Due to their investigational status, no recommenda-
tions concerning flow measurements will be given in this
article.
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Figure 2. Perfusion images acquired with a segmented k-space spoiled gradient echo-echo-planar read out hybrid sequence (TE/
TR/flip-angle: 3.3 ms/12.5 ms/30°, EPI-factor 11). For each heart beat, five short axis images are acquired. Four images of a series
of 60 dynamics are displayed. Before contrast agent injection (top left), the myocardial signal is suppressed using an inversion
prepulse, then the contrast agent bolus arrives in the right (top right) and left ventricle (bottom left). The myocardium is enhanced
(bottom right) after the first pass of the contrast agent bolus has left the left ventricular cavity.

Combination of Methods

In general, a combination of imaging methods can be
used within a CMR examination. The combined deter-
mination of wall motion and perfusion has been shown
in animals (28) and in small numbers of patients (29,30).

MR Spectroscopy

STP-spectrospcopy is the only technique for the nonin-
vasive study of cardiac high-energy phosphate metabo-
lism, allowing the measurement of adenosine triphos-

phate (ATP) and phosphocreatine in the human heart
(31,32). On theoretical grounds, testing for alterations of
regional high-energy phosphate content in patients with
suspected coronary artery disease is attractive because
the myocardial phosphocreatine concentration is one of
the most sensitive indicators of myocardial ischemia, de-
creasing significantly within 12 s after the onset of isch-
emia (33). In normal human myocardium, high-energy
phosphate levels do not change with mild and moderate
degrees of cardiac stress induced by handgrip exercise
(34) or low-dose dobutamine (35), and only decrease
slightly with high levels of stress (high-dose dobutamine
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Figure 3. Pathological perfusion image. Acquisition tech-
nique identical to Figure 2. A reduction of myocardial perfusion
can be seen during the first pass of the contrast agent in the
inferolateral wall as a dark zone in a patient with high-grade
(>75%) stenosis of the left circumflex artery.

plus atropine). In patients with high-grade stenosis of the
left anterior descending (LAD) artery, Weiss et al. (34)
have demonstrated that, in principle, a ‘‘biochemical
stress test’’ is possible. In patients (but not volunteers)
the myocardial phosphocreatine/ATP ratio decreased
from 1.5 £ 0.3 to 0.9 = 0.2 during handgrip exercise
and returned toward normal during recovery from exer-
cise. After revascularization, phosphocreatine/ATP ra-
tios did not change any further with exercise. These re-
sults were reproduced by Yabe et al. (36). In 20% of
women with normal coronary angiograms but chest pain,
subnormal phosphocreatine to ATP ratios during hand-
grip exercise were found, possibly due to microvascular
coronary artery disease (37). For detection of regional
myocardial ischemia, a spatial resolution of <5 c¢m?
would be a prerequisite. Unfortunately, on 1.5-Tesla
magnetic resonance (MR) systems, the intrinsically low
MR sensitivity of the *'P nucleus limits resolution to
voxel sizes of about 30 cm?, and it is unlikely that techni-
cal improvements in coil design or localization tech-
niques will increase resolution to the required level. For
this reason, MR spectroscopy is not described in further
detail here. On the other hand, at 3 or 4 Tesla, 4-5 cm?
resolution for *'P-MR spectroscopic imaging during car-
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diac stress testing is achievable (38), and it is entirely
possible that in the future, with improvements in high-
field magnet technology, cardiac *'P-MR stress testing
will become an important clinical tool. Such a method
would, for example, allow the non-invasive study of the
effectiveness of revascularization procedures or various
antianginal therapies. The ‘‘phosphocreatine threshold’’
may emerge as a clinically relevant parameter, represent-
ing the level of exercise achievable without a decrease
of myocardial phosphocreatine concentrations.

Accuracy of Stress Testing
Viability

By using low-dose dobutamine, which stimulates wall
thickening without inducing ischemia (10 pg/kg body
weight per minute), CMR has shown good results for the
detection of viable myocardium when compared with
PET (39) and transesophageal echocardiography (sensi-
tivity 81%, specificity 100%) in a study of 43 patients
(40). The prediction of functional recovery 4 to 6 months
after revascularization yielded a sensitivity of 89% and
a specificity of 94% when an increase of systolic wall
thickening of =2 mm was observed during stress CMR,
which is essentially identical to the sensitivity and speci-
ficity of PET (41).

Thus, low-dose dobutamine stress CMR is a valid tool
for the detection of viable myocardium and can compete
with transesophageal echocardiography and PET; how-
ever, current data stems from a single center only and
multicenter studies in larger numbers of patients are re-
quired to fully evaluate this technique.

Stress-Induced Wall Motion Abnormalities
for the Diagnosis of Ischemia

Echocardiographic detection of wall motion abnor-
malities during high-dose dobutamine stress or during ex-
ercise has been shown to be an accurate diagnostic tool
for the screening of patients with suspected coronary ar-
tery disease. Sensitivities and specificities have been re-
ported to lie within the ranges of 54—-96% and 60—100%,
respectively (42), depending on the pretest likelihood of
disease and the experience of the stress centers. However,
the value of stress echocardiography is limited by a rate
of 10—-15% for nondiagnostic results (42) and low speci-
ficities for the basal-lateral and the basal-inferior seg-
ments of the left ventricle (43).

With CMR, good results have been found for the de-
tection of wall motion abnormalities at intermediate
doses of dobutamine (maximum 20 pg/kg BW per min-
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ute i.v.) (44-46). However, echocardiographic studies
have shown that high-dose dobutamine and additional
atropine are required to ensure high sensitivity. In a
recent prospective study of 208 patients with suspected
coronary artery disease, high-dose dobutamine/atropine
(40 pg/kg body weight per minute plus up to 1 mg atro-
pine i.v.) stress was used and echocardiography and
CMR (Figs. 3 and 4) were compared with angiography
for the detection of significant coronary artery disease
(>50% angiographic diameter stenosis) (47). In this
study, a significant improvement of sensitivity (86% vs.
74%), specificity (86% vs. 70%), and diagnostic accuracy
(86% vs. 73%) of CMR versus transthoracic echocardi-
ography was found. These differences were most pro-
nounced in patients who had moderate echocardiographic
image quality (48). The results were comparable when
echocardiographic image quality was high. In a different
study by Hundley et al. (49) patients with nondiagnostic
echocardiograpic image quality were assessed with a
similar protocol and 94% of them could be adequately
examined with CMR, yielding a sensitivity and specific-
ity of 83% in those patients who also underwent angio-
graphic assessment.

Since high-dose dobutamine stress CMR is highly ac-
curate and can be performed in less than 30 min, it has
the potential to replace dobutamine stress echocardiogra-
phy for the detection of coronary artery disease in pa-
tients with non-diagnostic or suboptimal echocardio-
graphic image quality. Further studies with larger
numbers of patients are required.

Perfusion for the Diagnosis of Ischemia

The kinetics of the first pass of a contrast agent bolus
can be used to quantify or semiquantify myocardial per-
fusion (50-55). From alterations of the signal intensity
curves during infusion of adenosine or dipyridamole, an
assessment of perfusion reserve can be made (56). Recent
reports have shown high sensitivity and specificity of this
technique for the detection of coronary artery disease
(57-62) and a good correlation with coronary artery lu-
minal narrowing (63). To date, data have been published
from more than 400 patients who have been examined
with MR firstpass perfusion studies using either dipyrida-
mole or adenosine. Direct comparison with SPECT re-
sulted in sensitivities ranging from 77% (64) to 90%
(65,66) and specificities from 86% (57) to 97% (64). Cur-
rently, large prospective trials in unselected patients are
under way in several institutions. The preliminary results
from these studies are highly promising and the assess-
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ment of myocardial perfusion with magnetic resonance
may progress to routine clinical use, but studies with
large numbers of patients are required, and the necessary
postprocessing must be made widely available.

RECOMMENDATIONS FOR MR
STRESS TESTING

Image Acquisition
Viability (Low-Dose Dobutamine)

Since time for image acquisition is not limited by the
stress regime, low-dose dobutamine (=10 g dobutamine/
kg body weight/min) studies can be performed with stan-
dard gradient echo sequences. However, examination
time can be reduced by the use of segmented k-space
turbo-gradient-echo or echo-planar imaging techniques.
Five standard views (vertical long axis, horizontal long
axis, basal short axis, mid short axis, and apical short
axis) should be acquired. Alternative approaches, such as
complete coverage of the left ventricle with short axis
views, may be performed. It is essential, however, to
cover all coronary perfusion territories. Temporal resolu-
tion needs to be equal to or better than 20 frames/second
with a spatial resolution below 2 X 2 mm and a slice
thickness of 6—-10 mm to allow the detection of small
alterations of myocardial thickening. Images are acquired
at rest and during each stress level. The stress protocol
is shown in Table 1. Monitoring and contraindications
are listed in Tables 2 and 3.

Wall Motion Abnormalities (High-Dose
Dobutamine)

For high-dose dobutamine stress tests, breath-hold
cine imaging using turbo-gradient-echo techniques, echo-
planar imaging, or real-time imaging should ideally be
used in preference to conventional nonbreathhold tech-
niques. These fast techniques significantly reduce the
scan time, improve image quality, and enable rapid detec-
tion of wall motion abnormalities. The same views as
recommended for low-dose dobutamine studies should
be imaged. Imaging starts immediately after increasing
the dobutamine dose at each cardiac level. To achieve an
adequate number of phases during tachycardia, temporal
resolution needs to be approximately 25 frames/second
(<40 ms). Studies published so far have used a spatial
resolution of around 2 X 2 mm or better, with a slice
thickness of 6—10 mm. Images are acquired and reviewed
at rest and during each stress level. For the stress protocol
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Figure 4. Horizontal long axis views during dobutamine stress. Imaging technique identical to Figure 1. Left column: end-diastole;
right column: end-systole. Top row: rest; middle row: intermediate stress (20 1g/kg/min), note the increased contraction and wall
thickening in all segments; bottom row: maximal stress, there is a significant wall motion abnormality at the apical septum in a

patient with significant coronary artery disease.

and details concerning monitoring, contraindications and
termination criteria refer to Tables 1—4.

Perfusion (Dipyridamole/Adenosine)

Perfusion imaging before and after dipyridamole or
adenosine infusion requires the acquisition of a rapid se-
ries of several images per heartbeat during the first pass
of a contrast agent bolus. Most centers use either turbo

gradient echo, echo planar imaging, or a combination of
both. Three to five slices are acquired every—or at least
every other—heart beat. This temporal resolution is es-
sential to allow a determination of the upslope of the sig-
nal intensity curve. A spatial resolution of 3 X 3 mm or
better with a slice thickness of 6—10 mm is recom-
mended. See Tables 1-4 for details. An inversion or satu-
ration prepulse is generally used to suppress the myocar-

MaRcEL DEKKER, INC. ﬂ
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Table 2

Monitoring Requirements for Stress MR Imaging

Dobutamine + Dipyridamile/
Atropine Adenosine
Heart rate and rhythm Continuously Continuously

(single lead ECG)

Blood pressure Every minute Every minute

Pulse oximetry Continuously Continuously
Symptoms Continuously Continuously
Wall motion abnor- Every dose At peak stress
malities increment
Table 3

Contraindications for MR Stress Tests

MR examination Incompatible metallic implants
(e.g., pacemakers, retroorbital
metal, cerebral artery clips)

Claustrophobia

Severe arterial hypertension
(=220/120 mm Hg)

Unstable angina pectoris

Significant aortic stenosis (aortic
valve gradient >50 mm Hg or
aortic valve area <1 cm?)

Complex cardiac arrhythmias

Significant hypertrophic obstruc-
tive cardiomyopathy

Myocarditis, Endocarditis, Pericar-
ditis

Other major disease

Myocardial infarction <3 days

Unstable angina pectoris

Severe arterial hypertension

Asthma or severe obstructive pul-
monary disease

AV-block >Ila

Dobutamine

Dipyridamole/adenosine

Table 4

Dobutamine Termination Criteria

Submaximal heart rate reached [(220 — age) X 0.85]
Blood pressure decrease >20 mm Hg systolic below base-
line systolic blood pressure or decrease >40 mm Hg
from a previous level
Blood pressure increase >240/120 mm Hg
Intractable symptoms

e New or worsening wall motion abnormalities in at least 2
adjacent left ventricular segments (out of 16)

e Complex cardiac arrhythmias
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dial signal before contrast agent injection. Most centers
use a dose of Gd-DPTA 0.025-0.05 mmol/kg body
weight rapidly injected into an antecubital vein, and
flushed with approximately 10 mL saline for quantitative
approach, which includes the signal intensity curves of
the left ventricular cavity for calculation. Doses of Gd-
DPTA 0.05-0.2 mmol/kg are rapidly injected for a more
visual approach. Injection is performed manually or
(preferably) with an injection pump. To facilitate image
analysis, it is an option to acquire images during breath
holding during the first pass of the contrast agent through
the left ventricular cavity and the myocardium. Alterna-
tively, post processing techniques may help to remove
respiratory motion in nonbreathhold imaging. Optimal
breath holding can be achieved by injecting the contrast
agent at the beginning of two breathing cycles before
breath holding for approximately 20 s.

Image Interpretation
Viability

For viability studies, quantitative assessment is re-
quired. A minimal end diastolic wall thickness of >5 mm
with resting thickening or resting akinesis, with an im-
provement of systolic wall thickening of =2 mm during

dobutamine stimulation, are the diagnostic criteria for vi-
able myocardium used in published studies (39—41).

Wall Motion Abnormalities for the Diagnosis
of Ischemia

For optimal image interpretation, multiple cine loop
display is recommended, with perhaps five slices at each
dose level viewed simultaneously. The ventricle is ana-
lyzed by segments. Schemes vary from a nine-segment
model (44) to that recommended for echocardiography,
with 16 (or 17) left-ventricular segments per stress level,
which are visually or quantitatively evaluated according
to the standards suggested by the American Society of
Echocardiography (67). Image quality is graded as good,
acceptable, or bad, and the number of diagnostic seg-
ments is reported. Segmental wall motion is classified
as normokinetic, hypokinetic, akinetic, or dyskinetic, and
assigned one to four points. The sum of points is divided
by the number of analyzed segments and yields a wall
motion score. Normal contraction results in a wall motion
score of 1, a higher score being indicative of wall motion
abnormalities. During dobutamine stress with increasing
doses, a lack of increase in the wall motion or systolic
wall thickening or a reduction of the wall motion or thick-
ening are both regarded as pathological findings.
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Perfusion

Up to now, no optimal approach for the analysis of
perfusion images has been defined. Image interpretation
ranges from a simple visual approach (62) to the calcula-
tion of a perfusion reserve index from the linear fit of
the upslope of the myocardial signal intensity curves
(61,63,68,69) or the maximal signal intensity (69) to a
more complex, quantitative calculation of myocardial
perfusion using a gamma variate fit or tracer kinetic mod-
els correcting for the extraction of the contrast agent and
fast as well as slow water exchange (53,70). Similar seg-
ments as used for wall motion are evaluated. In addition,
differences between endo- and epi-cardial perfusion can
be assessed. Perfusion reserve index is calculated as the
relative difference of perfusion before and after vasodila-
tion.

SAFETY RECOMMENDATIONS

During stress examinations using low- or high-dose
dobutamine, dipyridamole, or adenosine, monitoring of
the patient within the magnet is mandatory. In general,
monitoring during a MR examination requires the same
precautions and emergency equipment as any other stress
examination. A physician trained in cardiovascular emer-
gencies and resuscitation needs to be at the scanner. Spe-
cific recommendations are listed in Table 2. Apart from
specific contraindications for MR, such as retro-orbital
metal, cerebral clips, or pacemakers, the contraindica-
tions are identical to those for stress echocardiography
and are listed in Table 3.

Dobutamine

Dobutamine is a sympathomimetic drug with beta-1,
beta-2, and slight alpha-1 receptor stimulation properties.
Infusion of the drug increases cardiac contractility and
heart rate, and decreases systolic vascular resistance.
Whereas, during low-dose infusion (=10 pg/kg/min),
the increase of contractility is the major effect, at higher
doses the increased consumption of oxygen causes con-
traction abnormalities in myocardial segments supplied
by stenotic coronary arteries.

While only minimal side effects are to be expected
during low-dose dobutamine, high-dose dobutamine
stress may cause severe complications in 0.25% of pa-
tients, which include infarction (0.07%), ventricular fi-
brillation (0.07%), and sustained ventricular tachycardia
(0.1%) (1,2). Thus, although adverse events are rare,
preparation and practice for rapid removal of the patient
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from the magnet needs to be borne in mind in addition
to a close compliance with test truncation criteria (Tab.
4). In most other modalities, eye-to-eye contact exists be-
tween patient and examiner, but in CMR, communication
is usually via a microphone system and video cameras,
although it can also be conducted personally. Remote
communication does not hinder the safety process if
symptoms, blood pressure, pulse oximetry, and the occur-
rence of wall motion abnormalities are carefully moni-
tored (Tab. 2). This can be done either by placing stan-
dard equipment outside the scanner room connected to
the patient with special extensions through a waveguide
in the radiofrequency cage, or by using special CMR
compatible equipment that currently exists at many CMR
sites. A defibrillator and all medications for emergency
treatment must be available at the CMR site. A specific
problem for monitoring within the magnet is that of as-
sessing the changes of ST-segments from the ECG. Pos-
sible improvements may be achieved by the use of ECG
tracings that are based on the spatial information of the
vector cardiogram (71). However, since wall motion ab-
normalities precede ST changes (72,73) and such abnor-
malities can be readily detected with fast CMR, monitor-
ing is effective without a diagnostic ECG and can also
be performed in patients with left bundle branch block
who are routinely evaluated with dobutamine stress echo-
cardiography despite nondiagnostic ST segments. With
conventional imaging, such wall motion abnormalities
can be detected immediately after image reconstruction,
which is completed 5-10 s after image acquisition. In
addition, real-time imaging permits immediate detection
of wall motion abnormalities and can be used for moni-
toring; however, it is not yet ready for the diagnostic visu-
alization of wall motion abnormalities. In the experience
of the consensus panel, with more than 500 patients ex-
amined with low-dose and more than 1000 patients ex-
amined with high-dose dobutamine stress CMR, wall
motion abnormalities were readily detected during the
stress examination. In two cases (0.2%) cardiopulmonary
resuscitation due to ventricular fibrillation was required.
These complications are within the expected range and
were safely handled with a good patient outcome.

Dipyridamole/Adenosine

Dipyridamole and adenosine cause vasodilation,
which is more pronounced in normal arteries in compari-
son with those with stenosis creating perfusion heteroge-
neity. The vasodilatory effect may lead to mild-to-moder-
ate reduction of systolic, diastolic, and mean arterial
blood pressure of approximately 10 mm Hg. In addition,
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a depressant effect on the SA and AV node is exerted.
Thus, for dipyridamole (74) and adenosine stress tests,
monitoring of heart rate and rhythm, blood pressure, and
the patient’s symptoms is required, and patients with AV-
block >Ila need to be excluded. Mild side effects such as
hypotension or bradycardia are common (0.85%). Severe
side effects are to be expected in only 0.07% of patients
and include asystole, ventricular tachycardia, persistent
angina pectoris, and myocardial infarction (75-77). The
stimulation of respiration may lead to an increase in min-
ute ventilation, reduction in arterial PCO,, and respira-
tory alkalosis. Thus, this test is not suitable for patients
with asthma or poor pulmonary function. Contraindica-
tions and examination termination criteria are listed in
Tables 3 and 4. The experience of the consensus panel
consists of more than 200 examinations with dipyrida-
mole and 250 with adenosine for the assessment of myo-
cardial perfusion. No side effects requiring significant
medical treatment were observed.

Training

For adequate image acquisition and interpretation as
well as patient care during stress, specific training is re-
quired. This includes the ability to perform the scan, to
interpret the images immediately after acquisition during
the scan, to stop the test if new wall motion abnormalities
occur, and to perform cardiopulmonary resuscitation, as
well as the ability to react adequately to other emergency
situations that may occur during stress testing, such as
severe angina pectoris, cardiac arrhythmias, or broncho-
constriction. Further information and recommendations
for training will form the subject of future reports.

CONCLUSION

CMR is arapidly developing new modality with appli-
cations in clinical cardiology for detection and assess-
ment of myocardial ischemia and viability. With cur-
rently available techniques it is possible to assess
viability from wall motion studies with low-dose dobuta-
mine with similar diagnostic accuracy to transesophageal
echocardiography or PET. High-dose dobutamine exami-
nations are safe, yield a high diagnostic accuracy, and
can be used in patients with nondiagnostic or moderate
echocardiographic image quality to detect stress-induced
wall motion abnormalities. Perfusion measurements with
dipyridamole or adenosine are safe and robust and may
develop into a clinically useful examination. Thus, while
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some further developments remain to be performed—
mainly in image postprocessing and display—stress tech-
niques are now ready for full clinical evaluation in large
patient numbers.
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